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METHODS AND SYSTEMS FOR 
AUTOMATICALLY IDENTIFYING WHETHER A 
NEURAL RECORDING SIGNAL INCLUDES A 

NEURAL RESPONSE SIGNAL 

BACKGROUND 

[0001] The sense of hearing in human beings involves the 
use of hair cells in the cochlea that convert or transduce 
acoustic signals into auditory nerve impulses. Hearing loss, 
Which may be due to many different causes, is generally of 
tWo types: conductive and sensorineural. Conductive hear 
ing loss occurs When the normal mechanical pathWays for 
sound to reach the hair cells in the cochlea are impeded. 
These sound pathWays may be impeded, for example, by 
damage to the auditory ossicles. Conductive hearing loss 
may often be helped by the use of conventional hearing aids 
that amplify sound so that acoustic signals reach the cochlea 
and the hair cells. Some types of conductive hearing loss 
may also be treated by surgical procedures. 

[0002] Sensorineural hearing loss, on the other hand, is 
due to the absence or the destruction of the hair cells in the 
cochlea Which are needed to transduce acoustic signals into 
auditory nerve impulses. Thus, people who suffer from 
sensorineural hearing loss are unable to derive any bene?t 
from conventional hearing aid systems. 

[0003] To overcome sensorineural hearing loss, numerous 
cochlear implant systemsior cochlear prosthesisihave 
been developed. These devices seek to bypass the hair cells 
in the cochlea by presenting electrical stimulation directly to 
the auditory nerve ?bers. This leads to the perception of 
sound in the brain and at least partial restoration of hearing 
function. To facilitate direct stimulation of the auditory 
nerve ?bers, an array of electrodes may be implanted in the 
cochlea. A sound processor processes an incoming sound 
and translates it into electrical stimulation pulses applied by 
these electrodes Which directly stimulate the auditory nerve. 

[0004] Many cochlear implant systems, as Well as other 
types of neural stimulators, are con?gured to measure the 
effectiveness of an electrical stimulation current applied to 
neural tissue (e.g., the auditory nerve) by using a process 
knoWn as neural response imaging (N RI). In NRI, the neural 
stimulator delivers a stimulus to the neural tissue With a 
stimulating electrode and then records the resulting electri 
cal activity of the neural tissue With a recording electrode. 
This resulting electrical activity is often referred to as an 
evoked neural response and occurs When the neural tissue 
depolariZes in response to the applied stimulus. 

[0005] An evoked neural response may serve as a diag 
no stic measure to determine Whether the neural stimulator is 
functioning correctly. NRI may also be used to determine 
optimal stimulation parameters for each electrode or elec 
trode con?guration. For example, NRI may be used to 
determine the loWest level of stimulating current that is 
required to evoke a neural response in a particular nerve. 
This information may then be used to optimiZe the stimu 
lation parameters or settings of the cochlear implant system. 
NRI may also be used for a number of additional reasons. 

[0006] In practice, hoWever, the signal recorded by the 
recording electrode often includes undesirable signals that 
interfere With detection of the desired neural response. The 
terms “neural recording” and “neural recording signal” Will 

Dec. 21, 2006 

be used herein and in the appended claims, unless otherWise 
speci?cally denoted, to refer to any signal recorded by the 
recording electrode. As Will be explained in more detail 
beloW, a neural recording signal may include any combina 
tion of a neural response signal, noise, and/or stimulus 
artifact. Neural recording signals are sometimes referred to 
as evoked potential recordings. 

[0007] As mentioned, a neural recording signal may 
include noise. Noise refers to any signal that is not correlated 
With the stimulus that is applied to the neural tissue by the 
neural stimulator. Noise is generally unpredictable. 

[0008] Furthermore, a neural recording signal may also 
include stimulus artifact. Stimulus artifact includes signals, 
other than the neural response, that are correlated With the 
stimulus that is used to evoke the neural response. For 
example, the stimulus artifact may include the voltage 
potential of the stimulus pulse itself. Another source of 
stimulus artifact is cross-talk betWeen the recording circuit 
and the stimulation circuit. 

[0009] The presence of noise and stimulus artifact often 
makes it dif?cult to determine Whether a neural recording 
includes a neural response. A number of conventional tech 
niques exist for removing noise and any stimulus artifact 
from a signal. HoWever, these techniques are often ineffec 
tive When applied to a neural recording signal. 

[0010] For example, ?ltering may be used to remove noise 
that has a different frequency than the frequency of a 
particular signal of interest. HoWever, in neural stimulation 
systems, the frequency of the noise and the frequency of an 
evoked neural response are often similar. Thus, conventional 
?ltering cannot alWays be used to remove noise from a 
neural recording. 

[0011] Signal correlation may also be used to remove 
noise from a signal of interest. In signal correlation, a 
measured signal is correlated With a knoWn reference signal 
to remove uncorrelated noise from the measured signal. 
HoWever, evoked neural responses are often variable from 
patient to patient. Hence, a single reference signal cannot be 
used to correlate evoked neural responses from multiple 
patients. The signal correlation technique is therefore inef 
fective in many instances in removing noise from a neural 
recording. 
[0012] LikeWise, a number of conventional techniques 
exist for removing stimulus artifact from a neural recording. 
These techniques include alternating polarity, forWard mask 
ing, third-phase compensation, and scaled template tech 
niques. For example, in the alternating polarity technique, 
the neural response Within the neural recording is estimated 
to be the average of the responses to a ?rst stimulation pulse 
having a ?rst polarity (e.g. cathodic) and a second stimula 
tion pulse having the opposite polarity (e.g. anodic). The 
neural response stays the same polarity With the reverse in 
polarity of the stimulus. HoWever, the stimulus artifact 
reverses polarity With the reverse in polarity of the stimulus. 
Consequently, the average response to the tWo polarities has 
a loWer artifact component than either of the responses taken 
by themselves. While the alternating polarity technique is 
sometimes successful in reducing stimulus artifact in a 
neural recording, it does not eliminate it in all cases. 
Furthermore, the alternating polarity, as Well as the other 
conventional techniques, often leaves large, residual stimu 
lus artifacts in the neural recording. 
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SUMMARY 

[0013] Methods of automatically identifying Whether a 
neural recording signal includes a neural response signal 
include ?tting an artifact model to a neural recording signal 
to produce a ?tted artifact model signal, determining a 
strength-of-response (SOR) metric that describes a distance 
of the neural recording signal from the ?tted artifact model 
signal, and identifying the neural recording signal as includ 
ing a neural response signal if the strength-of-response 
metric is above a pre-determined threshold. 

[0014] Systems for automatically identifying Whether a 
neural recording signal includes a neural response signal 
include one or more devices con?gured to ?t an artifact 
model to a neural recording signal to produce a ?tted artifact 
model signal, determine a strength-of-response (SOR) met 
ric that describes a distance of the neural recording signal 
from the ?tted artifact model signal, and automatically 
identify the neural recording signal as including a neural 
response signal if said strength-of-response metric is above 
a pre-determined threshold. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The accompanying draWings illustrate various 
embodiments of the present invention and are a part of the 
speci?cation. The illustrated embodiments are merely 
examples of the present invention and do not limit the scope 
of the invention. 

[0016] FIG. 1 shoWs a lead having an electrode array With 
electrodes E1 through E8 according to principles described 
herein. 

[0017] FIG. 2 illustrates an exemplary stimulus that may 
be delivered to neural tissue via a stimulating electrode 
according to principles described herein. 

[0018] FIG. 3 shoWs an exemplary cochlear implant sys 
tem that may be used as a neural stimulator according to 
principles described herein. 

[0019] FIG. 4 is a functional block diagram of an exem 
plary speech processor and an implantable cochlear stimu 
lator according to principles described herein. 

[0020] FIGS. 5A and 5B shoW a spinal cord stimulator 
(SCS) system that may be used as a neural stimulator 
according to principles described herein. 

[0021] FIG. 6A is a graph depicting an exemplary evoked 
neural response signal according to principles described 
herein. 

[0022] FIG. 6B is a graph depicting an exemplary artifact 
signal according to principles described herein. 

[0023] FIG. 6C is a graph depicting an exemplary neural 
recording signal according to principles described herein. 

[0024] FIG. 7A is a graph depicting an exemplary noise 
signal according to principles described herein. 

[0025] FIG. 7B is a graph depicting the effect of the noise 
signal of FIG. 7A on the evoked neural response signal of 
FIG. 6A according to principles described herein. 

[0026] FIG. 7C is a graph depicting the effect of the noise 
signal of FIG. 7A on the artifact signal of FIG. 6B accord 
ing to principles described herein. 
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[0027] FIG. 7D is a graph depicting the effect of the noise 
signal of FIG. 7A on the neural recording signal of FIG. 6C 
according to principles described herein. 

[0028] FIG. 8 is a How chart illustrating an exemplary 
method of automatically identifying a neural recording 
signal that includes a neural response signal according to 
principles described herein. 

[0029] FIG. 9 is a How chart illustrating an exemplary 
method of denoising a neural recording signal according to 
principles described herein. 

[0030] FIG. 10 is a graph shoWing the percent of unac 
counted variance in a matrix of evoked neural recording 
signals as a function of number of components according to 
principles described herein. 

[0031] FIG. 11 is a graph illustrating the difference of 
standard deviations of the errors in the beginning versus in 
the end of the Waveforms in the matrix of evoked neural 
recording signals as a function of the number of components 
included according to principles described herein. 

[0032] FIG. 12 is a graph shoWing seven basis functions 
or components according to principles described herein. 

[0033] FIG. 13 is a graph shoWing the amount by Which 
noise is reduced for each point of the Waveform representing 
the incoming neural recording signal according to principles 
described herein. 

[0034] FIG. 14 is a graph illustrating the relative contri 
bution of the noise and the artifact model to the overall 
uncertainty of the artifact model according to principles 
described herein. 

[0035] FIGS. 15A and 15B are graphs illustrating net 
con?dence intervals that are used to determine Whether a 
neural recording signal includes a neural response signal 
according to principles described herein. 

[0036] FIG. 16 is a graph that shoWs error rates of the 
automatic neural response identi?cation method When com 
pared to visual identi?cation of neural response signals by 
expert medical practitioners for a number of different thresh 
old values according to principles described herein. 

[0037] Throughout the draWings, identical reference num 
bers designate similar, but not necessarily identical, ele 
ments. 

DETAILED DESCRIPTION 

[0038] Methods and systems for automatically identifying 
a neural recording signal as including a neural response 
signal are described herein. An artifact model is ?tted to a 
neural recording signal to produce a ?tted artifact model 
signal. A strength-of-response (SOR) metric that describes a 
distance of the neural recording signal from the ?tted artifact 
model signal may then be computed. The neural recording 
signal may be identi?ed as including a neural response 
signal if the strength-of-response metric is above a pre 
determined threshold. Conversely, the neural recording sig 
nal may be identi?ed as only including noise and stimulus 
artifact signals if the strength-of-response metric is beloW 
the pre-determined threshold. 

[0039] Systems for automatically identifying a neural 
recording signal as including a neural response signal 
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include one or more devices con?gured to ?t an artifact 
model to a neural recording signal to produce a ?tted artifact 
model signal, determine a strength-of-response (SOR) met 
ric that describes a distance of the neural recording signal 
from the ?tted artifact model signal, and automatically 
identify the neural recording signal as including a neural 
response signal if said strength-of-response metric is above 
a pre-determined threshold. 

[0040] In the folloWing description, for purposes of expla 
nation, numerous speci?c details are set forth in order to 
provide a thorough understanding of the present systems and 
methods. It Will be apparent, hoWever, to one skilled in the 
art that the present systems and methods may be practiced 
Without these speci?c details. Reference in the speci?cation 
to “one embodiment” or “an embodiment” means that a 

particular feature, structure, or characteristic described in 
connection With the embodiment is included in at least one 
embodiment. The appearance of the phrase “in one embodi 
ment” in various places in the speci?cation are not neces 
sarily all referring to the same embodiment. 

[0041] FIG. 1 shoWs a lead (101) supporting an electrode 
array With electrodes E1 through E8. The lead (101) may be 
attached to a neural stimulator (not shoWn). The stimulator 
is con?gured to provide an electrical current via the elec 
trode array to stimulate target tissue, e.g., neural tissue 
(102). The stimulation current output at each of the elec 
trodes (E1-E8) may be independently controlled by the 
stimulator. The lead (101) of FIG. 1 includes eight elec 
trodes for illustrative purposes only. It Will be recogniZed 
that the lead (101) may include any number of electrodes. 
Furthermore, the electrodes may be arranged in any of a 
number of con?gurations. For example, the electrodes may 
be arranged as an array having at least tWo or at least four 
collinear electrodes. In some embodiments, the electrodes 
are inductively coupled to the stimulator. The lead (101) 
may be thin (e.g., less than 3 millimeters in diameter) and 
?exible such that the lead (101) may be readily positioned 
near target neural tissue (102). Alternatively, the electrodes 
may be coupled directly to a leadless stimulator. 

[0042] In some embodiments, each electrode (E1-E8) may 
be selectively con?gured to function as a stimulating elec 
trode or a recording electrode as best serves a particular 
application. For example, E1 may be a used as a stimulating 
electrode and E2 may be used as a recording electrode. A 
stimulus, e.g., an electrical stimulation current, may then be 
applied to the neural tissue (102) via the stimulating elec 
trode E1. The resulting electrical activity of the nerve (102) 
When the nerve (102) depolariZes in response to the applied 
stimulus is recorded With the recording electrode E2. As 
mentioned previously, this electrical activity is referred to as 
an evoked neural response or simply a neural response. 

[0043] FIG. 2 illustrates an exemplary stimulus (120), 
e.g., an electrical stimulation current pulse, that may be 
delivered to neural tissue via a stimulating electrode. The 
stimulus (120) of FIG. 2 is biphasic. In other Words, the 
stimulus (120) includes tWo partsia negative ?rst phase 
having an area A1 and a positive second phase having an 
area A2. It is usually the negative phase that causes neural 
tissue to depolariZe (?re). The biphasic stimulus (120) 
shoWn in FIG. 2 has an amplitude of 1 milliamp (ma) and 
a pulse Width of 20 microseconds (usec) for illustrative 
purposes only. It Will be recogniZed that any of the charac 
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teristics of the stimulus (120), including, but not limited to, 
the pulse shape, amplitude, pulse Width, frequency, burst 
pattern (e. g., burst on time and burst off time), duty cycle or 
burst repeat interval, ramp on time, and ramp off time may 
vary as best serves a particular application. 

[0044] The biphasic stimulus (120) shoWn in FIG. 2 is 
“charge balanced” because the negative area A1 is equal to 
the positive area A2. A charge-balanced biphasic pulse is 
often employed as the stimulus to minimiZe electrode cor 
rosion and charge build-up Which can harm surrounding 
tissue. HoWever, it Will be recogniZed that the biphasic 
stimulus (120) may alternatively be charge-imbalanced as 
best serves a particular application. 

[0045] In some embodiments, When the amplitude and 
pulse Width of the stimulus (120) of FIG. 2 reach a supra 
threshold (i.e., a threshold stimulus large enough to depo 
lariZe a target nerve), the voltage gradient at some surface 
point on the nerve (102; FIG. 1) Will be suf?ciently negative 
as to cause the nerve (102; FIG. 1) to depolariZe from its 
resting state and propagate an electrical signal along the 
length of the nerve (102). The voltage gradient of this 
electrical signal propagation can be captured With a record 
ing electrode as the evoked neural response of the target 
nerve. 

[0046] Before discussing the present methods and systems 
of identifying a neural recording signal that includes a neural 
response signal, it is helpful to understand the components 
of a number of exemplary neural stimulators in Which the 
present methods and systems may be employed. 

[0047] FIG. 3 shoWs an exemplary cochlear implant sys 
tem (20) that may be used as a neural stimulator in accor 
dance With the present methods and systems. Exemplary 
cochlear implant systems suitable for use as described herein 
include, but are not limited to, those disclosed in US. Pat. 
Nos. 6,219,580; 6,272,382; and 6,308,101, all of Which are 
incorporated herein by reference in their respective entire 
ties. The cochlear implant system (20) includes a speech 
processor portion (10) and a cochlear stimulation portion 
(12). The speech processor portion (10) may include a 
speech processor (SP) (16), a microphone (18), and/or 
additional circuitry as best serves a particular application. 
The cochlear stimulation portion (12) may include an 
implantable cochlear stimulator (ICS) (21), a number of 
electrodes (50) arranged in an electrode array (48), and/or 
additional circuitry as best serves a particular application. 
The components Within the speech processor portion (10) 
and the cochlear stimulation portion (12) Will be described 
in more detail beloW. 

[0048] The microphone (18) of FIG. 3 is con?gured to 
sense acoustic signals and convert such sensed signals to 
corresponding electrical signals. The electrical signals are 
sent to the SP (16) over an electrical or other suitable link 
(24). Alternatively, the microphone (18) may be connected 
directly to, or integrated With, the SP (16). The SP (16) 
processes these converted acoustic signals in accordance 
With a selected speech processing strategy to generate appro 
priate control signals for controlling the ICS (21). These 
control signals may specify or de?ne the polarity, magni 
tude, location (i.e., Which electrode pair or electrode group 
receive the stimulation current), and timing (i.e., When the 
stimulation current is to be applied to a particular electrode 
pair) of the stimulation current that is generated by the ICS 
(21). 
















